The concept of environmentally adaptive reverberation nulling using a time reversal mirror ͑TRM͒ recently has been described ͓Song et al., J. Acoust. Soc. Am. 116, 762-768 ͑2004͔͒. In this paper, monostatic reverberation nulling is demonstrated experimentally at 850 and 3500 Hz using data from a shallow water experiment conducted off the west coast of Italy in April 2003. The active transmission of a seafloor spatial null from a vertical source array is shown to result in the attenuation by 3 -5 dB of prominent reverberation features with their levels being reduced to that of the more diffuse reverberation background.
I. INTRODUCTION
Bottom reverberation severely limits the detection of low-speed targets by active sonar systems in a shallow water environment.
1 As a consequence of waveguide propagation, some regions of the seafloor are strongly ensonifed, resulting in high levels of backscatter observed at specific times by the receiver even if the seafloor is relatively flat over the region of interest. It would be desirable to avoid ensonifying the seafloor while at the same time maintaining coverage of the water column for target detection purposes.
Recently, a series of ocean acoustic experiments has been carried out confirming the robustness and potential utility of time reversal mirrors ͑TRM͒ in underwater acoustics.
2- 4 The focusing capability of a TRM without a priori knowledge of the environment suggests two different approaches for active target detection in reverberationlimited environments. First, a TRM can focus acoustic energy on a target while shadowing the boundaries below and above the focus in a waveguide, thereby reducing reverberation. The resulting echo-to-reverberation enhancement has been demonstrated experimentally in shallow water using a TRM in the 3 -4-kHz band. 5 The other approach to enhance active target detection is reverberation nulling recognizing that focusing and nulling are complementary. Lingevitch et al. 6 recently have shown in simulation that backscattering from the rough water-bottom interface can serve as a surrogate probe source in time reversal. The concept is based on the fact that a time-gated portion of reverberation provides an estimate of the transfer function vector between a TRM array and the range cell along the bottom. The transfer function vector then could be used to refocus energy to the corresponding bottom interface. On the other hand, the idea behind reverberation nulling is to minimize the acoustic energy incident on the boundary in a specific range cell while more energy is projected into the water column possibly illuminating targets. To achieve this, a weight vector which is in a complementary subspace orthogonal to the focusing vector is applied on the TRM prior to retransmission. A theoretical study of reverberation nulling is described in Ref. 7 along with numerical simulations.
As a companion to Ref. 7, this paper presents results of reverberation nulling from an April 2003 TRM experiment conducted in shallow water off the west coast of Italy. We are not aware of other mid-frequency, adaptive reverberation nulling approaches and related experimental results published in the literature. Section II briefly reviews the concept of reverberation nulling. Section III presents experimental results at 850 and 3500 Hz. Conclusions then follow in Sec. IV.
II. REVERBERATION NULLING: DESCRIPTION
The theory of reverberation nulling is described in detail in Ref. 7 . In this section, we briefly overview the procedure for reverberation nulling. It is assumed that roughness at the water/bottom interface is the dominant backscattering mechanism and we confine our interest to narrow-band signals. It also is assumed that both the environment and bottom roughness are axisymmetric.
The fundamental idea behind reverberation focusing/ nulling is based on the fact that a time-windowed segment of reverberation provides an estimate of the transfer function vector h͑f͒ between a TRM array and the corresponding range cell along the bottom. 6 The reverberation then can be treated as a single ͑extended͒ source problem in array processing. This suggests that a single snapshot would permit obtaining an estimate of the transfer function vector when a͒ there is a strong reverberation return, i.e., the high reverberation-to-noise and/or reverberation-to-echo case. In fact, we will use a single snapshot to demonstrate reverberation nulling in Sec. III.
Typically, a single transducer does not have sufficient source level to induce significant backscattering so that simultaneous excitation ͑i.e., a beam͒ with maximum power is desirable. For instance, a broadside transmission refers to an excitation with equal amplitudes across the array element. Although one can use arbitrary beams, in practice it will be difficult to excite high-angle beams efficiently ͑which corresponds to the higher order modes͒ since this requires both a dense sampling and long aperture of the TRM array. Usually multiple snapshots h i are collected from either different beams or repeated use of the same beam in order to construct a data covariance matrix R = ͚h i h i † where † denotes a conjugate transpose ͑Hermitian͒ operation. Since focusing and nulling are complementary problems, the success of nulling depends on obtaining a transfer ͑focusing͒ vector. This can be done by selecting a time window as described in Ref. 7 which suggests a time window less than twice the signal pulse length. The time-gated reverberation then can reduce to a single source problem such that the effective rank of R is equal to 1. The complex conjugate of the first eigenvector spanning the signal subspace is used as a new excitation weight vector on the TRM for retransmission to focus the energy onto the range cell, i.e., w focus = v 1 * .
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Once a focusing vector is obtained, nulling can be achieved by choosing an arbitrary vector in the ͑N −1͒-dimensional noise subspace orthogonal to the onedimensional focusing vector where N is the number of elements of the TRM array. The natural question is then how to select a nulling weight vector optimally in the sense that maximum energy is projected into the water column. Unfortunately, we cannot further optimize the nulling vector w null since no other information is available from the reverberation return except the transfer function between the array and the corresponding range cell. 
B. Reverberation nulling
The nulling experiments were conducted as follows.
͑1͒ Transmit a 100-ms CW broadside transmission ͑BT͒ from the SRA at either 850 or 3500 Hz and record the returning reverberation time series. ͑2͒ Select a time window of 100 ms corresponding to the range ͑or time͒ of interest and apply a Fourier transform at the center frequency of either 850 or 3500 Hz to obtain an estimate of the array transfer function vector h from the seafloor to the SRA elements. Thus, h * is the focusing vector where * denotes a conjugate operation. ͑3͒ A nulling weight vector w null is obtained by projecting the broadside beam e onto the noise subspace such that
where I is an N-dimensional identity matrix, e is an N-dimensional column vector with entires equal to 1, and T denotes a transpose operation. ͑4͒ Generate a vector time series from the excitation weight vector w null ͑i.e., 100-ms CW with different amplitudes and phases across the array͒ and broadcast the resulting time series.
Note that steps 1 and 2 can be repeated by exciting the SRA with different beams or the same broadside beam at multiple times to construct a sample covariance matrix R = ͑1/K͚͒h i h i † where K is the number of snapshots involved. In our nulling experiment, however, we collected just a few reverberation returns from broadside transmissions and selected a single reverberation return which apparently exhibited a strong level at the range ͑or time͒ of interest for processing. In other words, a single snapshot was used to extract an estimate of the transfer function vector from the seafloor when there is a strong reverberation return, i.e., the high reverberation-to-noise case. Note that there is freedom to choose any of the eigenvectors in the noise subspace or an arbitrary combination of them as described in Sec. II. In our nulling experiment, an additional constraint in step 3 has been imposed such that the nulling weight vector is the projection of the broadside beam onto the subspace spanning the noise eigenvectors. This was done for two reasons. First, one can compare the reverberation nulling resulting from the new weight vector with the original reverberation return from a broadside transmission. Second, a broadside beam will excite lower order modes efficiently given the aperture of the array and element spacing. Figure 2͑a͒ shows a reverberation return from a 100-ms broadside transmission from the SRA which is selected out of six consecutive pings over the 3-min period in Fig. 3͑a͒ . For convenience, adjacent curves are displaced relative to one another by 4 dB and the upper curve represents the absolute level. Note the ping-to-ping variability illustrating the repeatability over the time period. During this measurement, four of the SRA transducers ͑channels 1, 3, 21, and 29 numbered from the bottom͒ were not operating properly and were disabled ͑thick horizontal blue lines͒ in Fig.  2͑a͒ . The reverberation time series displayed in Fig. 2͑b͒ was obtained by incoherent averaging the active 25 channels. The reverberation is strong initially and decreases in about 7 s to the ambient noise level. Figure 4 shows the sound speed profiles collected during the reverberation experiment on 8 April.
f = 850 Hz
For reverberation nulling, we concentrated on the two strong peaks around 2.2 and 3.5 s in Fig. 2͑b͒ . Resulting reverberation returns ͑after͒ due to a new excitation weight for nulling are shown in Figs. 5͑a͒ and 5͑b͒ when applied to 2.2 and 3.5 s, respectively. The original broadside transmission ͑before͒ is superimposed for comparison purposes. While Fig. 5͑a͒ shows as much as 5-dB reduction in the reverberation level compared to the background at 2.2 s, Fig.  5͑b͒ indicates the level at 3.5 s is reduced by about 3 dB. Note that suppression of reverberation at a specific time, however, increases the reverberation level at other times. Figure 3͑b͒ indicates that reverberation nulling is maintained over four out of five pings in the 3-min period. Reverberation return resulting from a new excitation weight vector for nulling when applied to range windows at ͑a͒ 2.5 s and ͑b͒ 3.5 s, respectively. The original reverberation return from a broadside transmission in Fig. 2͑b͒ is superimposed for comparison purposes. While ͑a͒ indicates as much as 5-dB reduction in the reverberation level compared to the background level at 2.2 s, ͑b͒ shows about 2-dB decrease. Note that suppression at a specific time increases the level at other times.
It is interesting to observe from Fig. 5 that the reverberation nulling intended for either 2.2 or 3.5 s leads to nulling at both times. This implies that the two peaks are related through the propagation characteristics of the waveguide.
f = 3500 Hz
At 3500 Hz, the SRA was deployed in 105-m water depth close to Elba Island as shown in Fig. 1 ͑lower part͒. Figure 6 shows sound speed profiles collected during this portion of the experiment on 13 April which look similar to a deep sound channel with a channel axis around 20 m. A typical example of the reverberation return from a broadside transmission is shown in Fig. 7 while Fig. 8͑a͒ shows pingto-ping variability over the 3-min period as in Fig. 3 . Figure  7͑b͒ displays the incoherent average of the reverberation level across the SRA. Note that the time axis is replaced by range r using the relationship of r =2t / c with c = 1500 m / s. As expected, the reverberation level at 3500 Hz is higher than the level at 850 Hz by about 10 dB at 3 s. Considering the transmitted source level at 3500 Hz which is 4 dB less than that at 850 Hz, the overall reverberation level is approximately 18 dB higher.
Due to the proximity of the SRA to Elba Island, the two prominent peaks around 4.25 and 5.85 km result from the interaction with Elba Island corresponding to the outer concentric circles denoted in Fig. 1 . The broad peak at 2.5 km, however, is due to a seamount at the corresponding range which is visible in the bottom topography ͑black circle͒ shown in Fig. 1 . Thus the peak at 2.5-km range provides a good candidate for reverberation nulling.
The results after implementing reverberation nulling are displayed in Figs. 7͑c͒ and 7͑d͒ , indicating reduction of the reverberation level by about 3 dB to the background level at 2.5 km. On the other hand, the reverberation return from the FIG. 7 . ͑a͒ Monostatic reverberation return ͑06:33:00͒ from a 3500-Hz, 100-ms broadside SRA transmission as a function of range ͑converted from time͒. ͑b͒ Reverberation level obtained by incoherent averaging across the channels. Due to the proximity of the SRA to Elba, the two prominent peaks around 4.25 and 5.85 km result from the interaction with Elba corresponding to the outer concentric circles denoted in the Fig. 1͑b͒ . The peak at 2.5 km, however, is due to a seamount at the corresponding range which is visible in the bottom topography in Fig. 1͑b͒ denoted by a black circle. ͑c͒ and ͑d͒ Reverberation return after nulling ͑13:10:30͒. The reverberation level at 2.5-km range is reduced by about 3 dB to the background level. Note that the reverberation level at 5.8-km range has increased. interaction with Elba has increased at 5.8 km range. Figure  8͑b͒ indicates that we can achieve reverberation nulling most of the time over the 3-min period. It should be mentioned that the reverberation level after nulling has been increased by 2.4 dB to facilitate comparison with the original broadside reverberation return. This has been done to accommodate the normalization described in Sec. III A where the normalized amplitudes for all of the elements are equal to 1 for a broadside transmission whereas only a single element has amplitude equal to 1 for reverberation nulling. Since the nulling experiment shown in Fig. 7͑c͒ and 7͑d͒ was conducted almost 7 h after the capture of the reference broadside reverberation return ͑06:33:00͒ in Fig. 7͑a͒ , it is interesting to observe a reverberation return from a broadside transmission right after nulling ͑13:10:30͒. Figure 9 suggests that the reverberation structure at 13:28:00 remains unchanged with a consistent sharp peak at 2.5-km range.
IV. CONCLUSIONS
In this paper, the feasibility of reverberation nulling using a time reversal mirror without knowledge of the environment was demonstrated experimentally in shallow waters at two different frequencies. At 850 Hz, the reverberation level was reduced up to 5 dB. At 3500 Hz, the prominent reverberation return from a nearby seamount was reduced approximately 3 dB. 
